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[57) ABSTRACT

An apparatus is disclosed for determining the vector
voltage ratio of two a.c. input signals. A synchronous
rectifying circuit, a phase shifter and a voltmeter are
employed to detect the in-phase and orthogonal compo-
nents of the input signals relative to a reference signal.
A calculation section determines the vector voltage
ratio from the values of these components.

4 Claims, 4 Drawing Figures
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APPARATUS FOR MEASURING THE VECTOR
VOLTAGE RATIO OF TWO A.C. SIGNALS

BACKGROUND OF THE INVENTION

The present invention concerns an apparatus for mea-
suring the vector voltage ratio of two a.c. signals having
different phase and amplitude. In prior art metheds for
measuring the vector voltage ratio of two input signals,
the conventional method involved detecting by syn-
chronous rectification the in-phase component and the
orthogonal component of a second input signal relative
to a first input signal. In these methods the in-phase
component is determined by employing the first input
signal to synchronously rectify the second input signal.
The orthogonal component is determined by employing
the first input signal shifted in phase by 7#/2 to synchro-
nously rectify the second input signal.

When precisely measuring the vector voltage ratio by
the above method, it is necessary to eliminate the total
phase error of the input signals at the synchronous recti-
fier including the phase error due to the signal paths. If
such phase errors are not eliminated, the in-phase com-
ponent and orthogonal component are not precisely
detected. In order to eliminate the effect of phase error
of the synchronous rectifier, an apparatus for measure-
ment of the vector voltage ratio combining a synchro-
nous rectifying circuit (e.g. a modulator) and an analog
circuit is shown in Japanese patent number SHOWA
53-26823(KOUKOKU) entitled “Apparatus for Mea-
surement of Vector Voltage Ratio”. In order to elimi-
nate the offset phase error which is inherent in the syn-
chronous rectifying circuit as well as the phase error
due to the two signal paths to the synchronous rectify-
ing circuit, the synchronous rectifying circuit itseif is
improved. (See, for example, Japanese UTILITY
MODEL Appl. No. SHOWA 50-79922 entitled “Appa-
ratus for Compensation of Phase Error of Phase Detec-
tor”.) But these conventional techniques require com-
plicated analog techniques.

SUMMARY OF THE INVENTION

In accordance with the illustrated preferred embodi-
ment an apparatus for measuring the vector voltage
ratio is provided which digitally removes the measure-
ment error caused by the phase errors inherent in a
synchronous rectifying circuit and the signal paths to
the synchronous rectifying circuit. The apparatus of
this invention includes: a switching circuit to selectively
enter one of two a.c. input signals to a first input termi-
nal of a synchronous rectifying circuit; a phase shifting
circuit to shift the phase of one a.c. input signal and to
introduce it to a second input terminal of the synchro-
nous rectifying circuit; a control circuit to select the
input a.c. signal entered by the switching circuit and the
phase shift of the phase shifting circuit; a voltage meter
to determine the output voltage of the synchronous
rectifying circuit; and a calculating section to calculate
the vector voltage ratio from the output voltage of the
synchronous rectifying circuit.

DESCRIPTION OF THE DRAWINGS

FIG. 1is a block diagram of a preferred embodiment
of the apparatus for measuring the vector voltage ratio
of two a.c. signals.
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FIG. 2 1s a vector diagram showing the phase relation
between the first input signal E1, the second input signal
E2, and the reference signal X.

FIG. 3 shows the relation of the input and output
signals of the modulator employed in the preferred
embodiment shown in FIG. 1.

FIG. 4 shows a time plot of the output voltage of the

integrator employed in the preferred embodiment
shown in FIG. 1.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

A first input signal E1, a second input signal E2, and
a ground level voltage are introduced respectively to a
first input terminal 2 to a second input terminal 4 and to
a ground input terminal 3. A first switch 5 selectively
introduces input signal E1, input signal E2 or the
ground level voltage to a first input terminal 7 of a
modulator 6. Modulator 6 can also be chosen to be a
mulitiplier. The first input signal E1 is also introduced {0

- a second input terminal 9 of modulator 6 through a
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phase shifter 8 and a wave shaper 10. Phase shifter 8
herein shifts the phase of the first input signal E1 by §,
/2, or 7 radians and wave shaper 10 transforms the
signal sent from phase shifter 8 into a square wave hav-
ing a high and a low voltage level. The output signal of
modulator 6 is transmitted to a smoothing filter 12, to
procduce a d.c. output signal which 1s introduced
through a second switch 13 to an input terminal 11 of an
integrator 14. As illustrated in this embodiment, integra-
tor 14 includes an operational amplifier 15, an input
resistor 17 and a feedback capacitor 19. A level compar-
ator 16 and a counter 18 are connected with the output
terminal of integrator 14 to form the dual-slope voltme-
ter. A calculating circuit 20 is coupled to counter 18 to
perform fixed calculations according to values of
counter 18. In addition, a control circuit 22 ts coupled to
phase shifter 8 and switches 5 and 13 to control switches
5 and 13 and to control the amount of phase shift of
phase shifter 8.

FIG. 2 is a vector diagram (i.e. a phasor diagram)
showing the phase relation between the first input signal
E1 and the second input signai E2 iHlustrated in FIG. 1.
In this diagram, the phase difference between a refer-
ence vector X and first input signal E1 is 8, and the
phase difference between reference vector X and sec-
ond input signal E2 is 8;. The vector components of
input signals E1 and E2 which are in phase with refer-
ence vector X are a and ¢ respectively. The components
of input signals E1 and E2 which are orthogonal to
reference vector X are b and d respectively.

The ratios B=b/a, C=c/a, and D=d/a will be used
in calculating the vector ratio of input signals E1 and
E2. The real part a and the imaginary part 8 of the

vector voltage ratio E2/El=a+18 are
a={C+BD)/(1+B2) and 8=(D—CB)/{1+B?).
Proof
81 = 6; — 6
— tan— Hd/c) — tan~— i(bfa]
= tan~ H(d/a)/(c/a) — tan—(b/a)}

= tan— {D/C) — tan—1(B)

— tan— {(D/C — B)/(1 + DB/O)}
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-continued
= tan— {(D - CBY/(C + DB)}

Define P=(D — CB)/(C+ DB), then:

] . P
03 = cos ™| m—mmmm— = sin" ! ———
N1 3+ R Nt + P2

and
| El| = N a2 4 52 10
=( 4 (a2+ bz)x‘az ] *a
=g \Il + B? 1§
Similarly,
E2| = aNC? + D2 20
Because
£2] _ |+, =
|Eli | + 32
E2 | E2|

= 87 + sin @3
El — ¢+ /B =T cosO+J Eli
30

The values of a and 3 are:

| _ L+ BD 35
1+15r2 \J | + B¢
I _D-cCB

1+B2 1+P2 1+32 40

Therefore the vector voltage ratio can be determined 1n
accordance with the above equations for a and £, from
the detected values of a, b, ¢ and d.

FIG. 3 illustrates the operation of modulator 6 shown 45
in FIG. 1. In FIG. 3, 0, 1s the phase difference between
the output square wave 30 of wave shaper 10 and the
first input signal E1 when the amount of phase shift of
phase shifter 8 1s zero. For an ideal modulator 6, the
phase difference 07 is considered to be caused by the 50
signal path (including wave shaper 10) between the first
input terminal 2 and modulator 6, and i1s a small but
inherent phase error. Therefore, if the phase shift
amount of phase shifter 8 ts 7w/2, the phase difference
(/24 61) will appear between the output square wave 55
30 and the first input signal E1.

FIG. 3(a) shows the first input signal E1, and FIG.
3(b6) shows the output square wave 30 produced by
wave shaper 10 when the amount of phase shift of phase
shifter 8 is equal to zero. 8, is the phase difference be- 60
tween the signals shown in FIGS. 3(a) and 3(4). When
switch 5§ of FIG. 1 is connected with input terminal 2
and when the first input signal E1 shown in FIG. 3(a)
and the output square wave 30 shown in FIG. 3(f) are
introduced, modulator 6 generates a detected signal 32 65
shown in FIG. 3(¢). In other words, the detected signal
32 shown in FIG. 3{c¢) represents the component of the
first input signal in phase with the output signal 30 of

4

FIG. 3(b). In terms of the vector diagram drawn In
FIG. 2, the output square wave 30 shown in F1G. 3(b)
and the detected signal 32 shown in FIG. 3(c) corre-
spond respectively to vector X and to the value a of the
in-phase component of input signal E1 relative to refer-
ence vector X.

FIG. 3(d) shows square wave 30 when the amount of
phase shift of phase shifter 10 1s 7/2, and FIG. 3(e)
shows the detected signal 32 of modulator 6 when the
first input signal E1 of F1G. 3(a) is entered by switch §.
In terms of the vector diagram illustrated in FIG. 2, the
output square wave 30 shown in FIG. 3(d) and the
detected signal 32 shown in FIG. 3(e) correspond, re-
spectively, to the right-angled reference vector Y and
to the value b of the orthogonal component of input
signal E1 relative to reference vector X.

It 1s possible to analyze similarly the second input
signal E2 illustrated in FIG. 2. That is, the value c of the
in-phase component of E2 with respect to the reference
vector X is detected by:

(1) connecting the first switch § with the second input

terminal 4: and

(2) selecting the phase shift amount of phase shifter 8

to be zero.
The value d of the orthogonal component of E2 with
respect to the reference vector X is detected by:

(1) connecting the first switch § with the second input

terminal 4; and

(2) selecting the phase shift amount of phase shifter 8

to be m/2.

The component *—a” 1s detected by:

(1) connecting the first switch § with the first input

terminal 2: and

(2) selecting the phase shift amount of phase shifter 8

to be .
That 1s, the signal 32, generated by modulator 6, 1s the
negative of the signal shown in FIG. 3(¢).

The a.c. signal 32 generated by modulator 6 is
smoothed by the filter 12 to produce a d.c. voltage for
application to integrator 14. As explained above, the
components of the first input signal E1 and the second
input signal E2 which are in-phase (a, c), orthogonal (b,
d), and reverse-phase (—a) with respect to reference
vector X are generated by appropriate control of the
first switch § and phase shifter 8. Such control is imple-
mented by control circuit 22,

The sequence of operations to generate the vector
voltage ratio will now be described, using the equations
for a and 8 in terms of B, C, and D, the equation for
E2/D1in terms of a and 3, and the apparatus illustrated
in FIG. 1.

FIG. 4 is a sequential diagram of the steps involved in
generating the vector voltage ratio. Each of the steps
illustrated (Steps (I) to (IV)) includes a charging and a
discharging step. The saw-tooth wave illustrated 1n
FIG. 4 represents the cutput voltage of integrator 14.
Operation of every step will be explained below, by
reference to FIG. 1. Although the output voltage of
integrator 14 rises or falls depending on the polarity of
the input signal, it 1s assumed to rise in this illustration.

Step (I) (Calculation of Offset/a) Step 1 consists of
the following operations:

(1) connecting the first switch § to the ground;

(2) selecting the amount of phase shift of phase shifter

8 to be zero;

(3) turning on the second switch 13 and integrating

for a constant selected time of Tc seconds. (The
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value of Tc is unimportant—it need only be con-
stant for each of the steps.});

(4) connecting the first switch § to the first input
terminal 2 and selecting the amount of phase shift
of phase shifter 8 to be 7 to integrate {i.e. to dis-
charge) by ** —a” volts; and |

(5) when the output voltage of integrator 14 falls to a
level fixed by a comparator 16, turning off the
second switch 13. (This time is denoted as T1).

Step | is performed to compensate for offset error of the
integrator 14 and therefore is not needed when the
operation of the integrator 14 is ideal. The value of the
offset divided by the value a of the in-phase component
of E1 is equal to T1/Tc. The value of T1/Tc 1s deter-
mined by calculating circuit 20 from values of counter
18.

Step (II) (Calculation of B) Step II consists of the

following operations:

(1) connecting the first switch 5 with the first mput

terminal 2;
(2) selecting the amount of phase shift of phase shifter

8 to be 7/2;

(3) turning on the second switch 13 and integrating
for a fixed time of Tc seconds (i.e. the right-angled
component b of the first input signal E1 is inte-
grated for Tc seconds);

(4) selecting the amount of phase shift of phase shifter
8 to be 7 (note that the first switch 5 remains con-
nected to input terminal 2 during this integration of
*—a” volts.); and

(5) when the output voltage of integrator 14 falis to
the level fixed by comparator 16, turning off the
second switch 13. (This time interval is denoted as
T2).

If an ideal integrator with zero offset is used, B is calcu-

lated as B=b/a=T2/Tc. When the offset error of inte-

grator 14 is detected in Step (I), B is calculated as
=(T2/Tc)—(T1/Tc).

Step (III) (Calculation of C) Step 111 consists of the

following operations:

(1) connecting the first switch § with the second input
terminal 4;

(2) selecting the amount of phase shift of phase shifter
8tobe

(3) turning on the second switch 13 and integrating
for a fixed time of Tc seconds (i.e. the in-phase
component C of the second input signal E2 is inte-
grated for Tc seconds);

(4) connecting the first switch § with the first input
terminal 2 and selecting the amount of phase shift
of phase shifter 8 to be 7 to integrate (i.e. to dis-
charge) by **—a” volts; and

(5) when the output voltage of integrator 14 falls to a
level fixed by comparator 16, turning off the sec-
ond switch 13. {This time interval is denoted as
T3).

If an ideal integrator with zero offset is used, C is calcu-

lated as C=c/a=T3/Tc. When the offset error of inte-

grator 14 is detected in Step (I), C is calculated as
={T3/Tc)—{T1/Tc).

Step (IV) (Calculation of D) Step IV consists of the

following operations:

(1) connecting the first switch § with the second mnput
terminal 4;

(2) selecting the amount of phase shift of phase shifter
8 to be w/2;

{3) turning on the second switch 13 and integrating
for a fixed time of Tc¢ seconds (1.e. the right-angled
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component d of the second input signal E2 is inte-
grated for Tc seconds);

(4) connecting the first switch § with the first input
terminal 2 and selecting the amount of phase shift
of phase shifter 8 to be 7 to integrate (i.e. to dis-
charge) by “—a” volts; and

(5) when the output voltage of integrator 14 falls to a

~ level fixed by comparator 16, turning ‘off the sec-
ond switch 13. (This time interval is denoted by
T4).

If an ideal integrator with zero offset is used, C 1s calcu-

lated as C=c/a=T3/Tc. When the offset error of inte-

grator 14 is detected in Step (I), D 15 calculated as
={T4/Tc)—(T1/Tc).

After B, C, and D are determined by the Steps (1) to
(IV), the vector voltage ratio is calculated by calculat-
ing circuit 20 by the use of the equations cited above for
E2/E1lin terms of B, C, and D. In other embodiments of
the invention, the discharge of integrator 14 can be
obtained by a voltage other than *—a” volts. However,
although it is possible to use any discharging voltage as
long as it is constant, the use of “ —a” volts simplifies the
apparatus in two regards: (1) a pair of reference voltage
sources are not required to supply the discharge voitage
for the two possible polarities of the output voltage of
integrator 14; and (2) only 4 measurements (to deter-
mine offset /a, B. C and D) need be performed instead
of 5 measurements (to determine offset, a, b, ¢ and d) if
a reference voltage is used for discharging integrator
14. (Note that this discharge step is also known as run-
down).

The invention should not be limited to the combina-

 tion of elements shown in the embodiment of FIG. 1.
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The combination of circuit element 6, 8, and 10 essen-
tially function as a synchronous rectifier. The use of
wave shaper 10 in the input path of signal 30 enables the
use of an inexpensive modulator as element 6 since
modulation need be performed only at the two voltage
levels of signal 30. Wave shaper 10 can be omitted if a
more expensive modulator is employed which accu-
rately multiplies the instantaneous values of two input
signals. Also, in the embodiment of FIG. 1, integrator
14, comparator 16 and counter 18 function as a dual-
slope voltmeter but it is clear that the method of this
invention does not depend on the type of the voltmeter
employved. Any type of voltmeter which can measure
the in-phase component voltage and the orthogonal
component of the first input signal E1 relative to the
second input signal E2 can be used.

As the above discussion illustrates, this mmvention
provides an apparatus for the precise measurement of
the vector voltage ratio between two input a.c. signals
since it removes the effect of the phase errors in the
synchronous detecting circuit, without the need for
complicated analog circuitry.

Typically 81 is small and positive so that the compo-
nents a and b of input signal E1 are both positive, but
the components c¢ and d of input signal E2 can be posi-
tive or negative. In order to handle the possibility of
negative components, the rundown phase (i.e. Step (4))
of Steps (I)-(IV) includes a step of sensing the polarity
of the output voltage of integrator 14. If the polarity s
positive as in the illustration of FIG. 4, the amount of
phase shift is selected to be 7 so that the discharging
voltage is **—a”. If the polarity is negative, the amount
of phase shift is selected to be 0 so that the discharging
voltage 1s +a.

We claim:
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1. An apparatus for measuring the vector voltage
ratio of two a.c. signals, said apparatus comprising:
input means selectively coupled either to a first input
terminal to enter a first input signal or to a second
input terminal to enter a second input signal;

a phase shifter coupled to the first input terminal;

a synchronous rectifying circuit coupled to the phase
shifter and to the first input terminal to provide a
rectified signal;

a voltmeter coupled to the synchronous rectifying
circuit to measure the d.c. component of the recti-
fied signal;

calculating means coupled to the voltmeter for deter-
mining the vector voltage ratio of the second input
signal to the first input signal; and

control means coupled to the phase shifter, to the
input means and to the voltmeter for regulating the
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steps involved in the determination of the vector
voltage ratio.

2. An apparatus as recited in claim 1 further compris-
ing a ground input terminal selectively coupled to the
Input means to enable correction of voltmeter offset
error.

3. An apparatus as recited in claim 1 wherein said
voltmeter is a dual-slope voltmeter.

4. An apparatus as recited in claim 1 or claim 2
wherein the voltmeter measures the d.c. component of
the rectified signal by applying the rectified signal to the
input of an integrator for a constant time Tc to charge
the integrator, then applying a discharging voltage of
absolute magnitude equal to the absolute magnitude of
the in-phase component of the first input signal until the
integrator 1s totally discharged, and calculating the d.c.
component of the rectified signal from the values of Tc

and the time required to discharge the integrator.
* * ¥ ¥ %
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